Electron and ion drift dispersion events are often observed by the Cassini Plasma Spectrometer (CAPS) in the middle magnetosphere of Saturn. These events, which are most evident in the several to tens of keV energy range, appear to result from localized planetward injections of plasma and persist for at least several hours. During this time, the drift dispersion events can be observed and analyzed to obtain information on the time and azimuthal location of the injections. The CAPS data show evidence of both remote (or old) injections and local (or fresh) injections. In this paper a conceptual model of Saturnian centrifugal interchange is developed based on the characteristics of the local injections.
Introduction
Transport in the interior of a rapidly rotating magnetosphere is expected to be dominated by centrifugal interchange [Siscoe, 1983] rather than solar-wind-driven convection. This expectation was borne out by the Galileo measurements at Jupiter [e.g., Thorne et al., 1997] . While the interchange events at Jupiter were found to be very localized (i.e., mainly to the Io torus), the Cassini data have shown them to be ubiquitous in the middle magnetosphere of Saturn. The evidence for azimuthally-limited plasma injections at Saturn include drift dispersion events, in which electrons and ions of various energies are separated azimuthally with time according to their drift motions in the electric field produced by planetary rotation and their respective gradient and curvature drifts. Similar drift dispersions occur in the Earth's magnetosphere [DeForest and McIlwain, 1971] , where they occur during substorms as a result of magnetic reconnection in the magnetospheric tail. At Saturn, the Cassini Plasma Spectrometer (CAPS) [Young et al., 2005] data show evidence of both remote (or old) injections and local (or fresh) injections. Further evidence that centrifugal interchange is responsible for the injections includes the deep density gradients and the heated ion and electron distributions that are typically observed to accompany the fresh injections.
Data from CAPS showed numerous cases of plasma injection and the resulting drift dispersion events during the Saturn Orbit Insertion (SOI) period on June 30 -July 1, 2004. The drift dispersion events (referred to here as remote injections) retain their integrity for at least several hours and contain information on the local time, extent, and energy spectrum of the injected electrons and ions. Hill et al. [2005] have mapped the locations of numerous injections based on the characteristics of the drift dispersion events, and Mauk et al. [2005] demonstrate the expected effects of subcorotation [Richardson and Sittler, 1990] on them.
The CAPS data also contain several cases of local injections, which are characterized by deep plasma density cavities with sharp boundaries within which hot electron and ion distributions are observed. The characteristics of the local injections are consistent with the expectations for centrifugal interchange events in which distant magnetic flux tubes containing hot, tenuous plasmas convect inward to replace flux tubes containing dense, cold plasma, which convect outward to replace the inward convecting flux tubes [e.g., Thorne et al., 1997] . Within the density cavities, drift dispersions, similar to those observed in the remote injections, occur in the high-energy part of the electron and ion distributions but with the decreasing ion energies and increasing electron energies observed simultaneously instead of sequentially as is the case with the remote injections.
A model is presented that produces the major features of the remote and local injections. In this model, drift dispersion occurs within an interchanging flux tube while it convects inward through the middle Saturnian magnetosphere. When the finger-like interchanging flux tube crosses the planetary radial distance of Cassini nearby the spacecraft it quickly rotates over the spacecraft at or near the corotation speed, producing the dispersion signatures of falling ion energies and rising electron energies. At more remote locations, the drifting electrons and ions, which eventually leave the density cavity by magnetic drifts, are observed to display the characteristics of remote injections (falling ion energies followed by rising electron energies).
Observations
The data used in this study were obtained by the Cassini Plasma Spectrometer (CAPS) [Young et al., 2005] during the period of Saturn Orbital Insertion (SOI) on July 1, 2004. CAPS consists of an electron spectrometer (ELS), an ion mass spectrometer (IMS) and an ion beam spectrometer (IBS) mounted on a rotating platform. In this analysis, data from the ELS and the IMS (total ion measurements only) are used. During this time period the rotating platform was held at a fixed postion yielding partial 2-D angular distributions. During SOI, Cassini approached the Saturn magnetosphere in the late-morning sector, reached a low perigee (1.3 R S ) in the dusk sector, and exited the magnetosphere in the post-midnight sector.
Figure 1 shows an energy-time spectrogram of ELS and IMS data along with line plots of the total electron density from ELS, the low-energy limit of significant fluxes in IMS (superimposed on the spectrogram and plotted again in the bottom panel), and ten times the inverse of the electron density. Noted in the IMS spectrogram are two examples of remote plasma injections (1 and 2) and three examples of local plasma injections (A, B, and C). The excellent anticorrelation between ion energy lower limit and the inverse of the electron density shown in the bottom panel provides evidence that flux tubes containing plasmas with lower densities and higher temperatures are replacing colder, more dense plasmas, as is expected from centrifugal interchange.
The remote injections (1 and 2) in Figure 1 have the shape of drift dispersion events as illustrated in Figure 2 , which shows energy-time traces of equatorially-mirroring ions and electrons that would result from an injection 7.56 R S to the west of an observation point at 6.5 R S in the dipole-approximated magnetic field. Energy-flux ion spectra for remote injection event 1 are shown in Figure 3 . The sequentially-observed spectra show relatively narrow energy peaks that move linearly toward lower energies with time. These features are consistent with the predictions of magnetic drift dispersion.
A closer look at the local injections (A, B, and C) in Figure 1 are shown in Figure 4 . Each event contains a density cavity within which energy dispersions of ions and (in case C less clearly) for electrons are observed (within the white circles). The dispersions within the local injections have similar energy-time slopes to those of the remote injections but with the important differences that (1) the ion and electron dispersions are observed together and (2) the dispersions appear as progressions of high-energy cutoffs rather than of energy-flux peaks.
Ion energy-flux spectra for the local injection events are shown for five successive times during event B in Figure 5 . The high-energy tails of the energy-flux spectra in Figure 5 progress toward lower energies at a rate that is linear with time as was the case with the remote injections. Thus it can be concluded that these dispersions, although different in character from those of the remote injections, might also result from magnetic drift dispersion
Conceptual Model
The sharp boundaries of the density cavities and the fact that the energy dispersions are wholly contained within them suggest the existence of isolated magnetic flux tubes convecting planetward as would result from centrifugal interchange. A simple test of this idea has been made using a simple conceptual model illustrated in Figure 6 . At t=0, the flux tube is uniformly filled with ions and electrons. As time progresses, the flux tube moves inward at velocity v o with its width decreasing as the distance between field lines (∝R
3/2
), while the equatorially-mirroring ions and electrons begin gradient drifting in the corotating frame. Eventually, the highest energy particles will drift completely out of the convecting flux tube and will be trapped in the surrounding magnetic field. At a time t o , only a fraction of the flux tube given by Δy o /Δx o will contain particles above a given energy W ⊥ . In the corotating frame, the ions will drift toward the eastern edge of the flux tube, while the electrons will drift toward its western edge. With the gradient drift given by v g = 3 W ⊥ /qBR and the magnetic field at Saturn's surface denoted by B S , the ratio Δy o /Δx o at a radius R o for a given energy W ⊥ is given by,
where
.For a starting radius of R 1 =R o +v o t o , the fraction of the flux tube occupied by particles with energy W ⊥ is given by,
Adiabatic acceleration, which is expected to occur as the flux tube is convected inward, is not included in equations (1) and (2) nor or any other acceleration processes that may take place. Thus any comparisons with the Cassini data can only test the general applicability of simple convection plus gradient drift model. Figure 7 shows such a comparison for local injection event A, which occurred at a distance of 5.52 R S . A starting radius (R 1 ) of 10 R S and an inward flux tube velocity of 50 km/s, which was chosen as comparable to the 100 km/s velocity deduced by Thorne et al., [1997] were used to compute the red histogram traces in Figure 7 . According to the conceptual model used, energies below the red histograms would be allowed, while energies above them would be forbidden within the density cavities.
After the interchange flux tube crosses a particular observation radius the particles that drift out of it will form a remote dispersion event at large distances to the east of the injection. On the other hand, for observation points near the crossing, the local injection signature, with electron and ion dispersions observed together totally within the density cavity, will be observed as the flux tube corotated over the observation point.
Summary and Conclusions
Figure 8 is a sketch of the conceptual model we have described. As a result of the interchange instability, a flux-tube "finger" penetrates deep into the magnetosphere, bringing with it a density cavity and hot plasma, both of which are characteristic of the environment at larger distances. For the observation of a local injection, the finger must cross the Cassini distance fairly near the spacecraft in local time and then corotate over it rapidly before there is significant leakage of energetic particles out of the density cavity. The bottom part of Figure 8 shows the predicted energy dispersions in the corotating frame as they develop within the cavity at points A, B, and C along its path. At point A, the cavity is uniformly filled with plasma up to the highest energies contained in the ambient population. By point B, the most energetic ions and electrons have drifted out of the cavity and will form remote injection signatures for any observers at large local-time separations at that distance. By point C, the energy dispersions have developed to much lower energies and approximate the CAPS observations. For this sketch, an injection distance of 9.5 R S and a flux-tube velocity of 100 km/s were used with an observation point (C) at 6.5 R S and a density cavity width of 8000 km. These parameters produce dispersions such as those observed at local injection B in Figure 1 .
The CAPS data show both remote and local injection signatures, which are consistent with the occurrence of centrifugal interchange throughout the middle magnetosphere of Saturn 5 -10 R S ). Aspects of the remote injections are described by Hill et al. [2005] and Mauk et al. [2005] . This paper is concerned primarily with the characteristics of the local injections and the development of a simple conceptual model that describes their main features. Much more work needs to be done to investigate particle acceleration processes, such as kinetic Alfvén waves and magnetic storage and release, that may accompany or precede the onset of centrifugal interchange. In the bottom panel, electron and ion dispersions are shown at three distances using eq. (2) with a starting radius of 9.5 R S , v o =100 km/s, and a cavity dimension at 6.5 R S (point C) of 8000 km. 
